Wnt4 and Wnt5a have well-established roles in the embryonic development of the female reproductive tract, as well as in implantation, decidualization, and ovarian function in adult mice. Although these roles appear to overlap, whether Wnt5a and Wnt4 are functionally redundant in these tissues has not been determined. We addressed this by concomitantly inactivating Wnt4 and Wnt5a in the Müllerian mesenchyme and in ovarian granulosa cells by crossing mice bearing floxed alleles to the Amhr2 cre strain. Whereas fertility was reduced by ∼50% in Wnt4 flox/flox ; Amhr2
Introduction
The WNTs are a family of 19 secreted glycoprotein signaling molecules that play important roles during embryonic development by regulating processes such as proliferation, apoptosis, and differentiation in a variety of tissues. Among these tissues are the Müllerian ducts, which are paired structures that form laterally to the mesonephric ducts and which give rise to the oviducts, uterus, uterine cervix and the anterior part of the vagina [1] . The first report of role for WNT signaling in Müllerian development was by Vainio et al. who showed that female Wnt4-null mice have no Müllerian structures present at birth [2] . A subsequent study employed cell fate mapping and neutralizing antibodies to show that Wnt4 is required for the invagination and elongation of the Müllerian duct [3] . The same study showed that mice with hypomorphic Wnt4 alleles had abnormal oviducts and myometrium, and an absence of endometrial glands [3] . Reduced numbers of endometrial glands were also observed in a conditional knockout model in which Wnt4 was inactivated using the Pgr tm2(cre)Lyd strain, which drives Cre expression in the uterine luminal and glandular epithelium, stroma, and myometrium [4] . The latter mice also had a stratified uterine luminal epithelial cell layer, and showed defects in implantation and decidualization, as well as markedly reduced fertility [4] . Importantly, mutations in the WNT4 gene have also been identified in several women with Mayer-Rokitansky-Küster-Hauser (MRKH) syndrome [5] [6] [7] [8] , which is characterized by a congenital absence of the upper vagina, cervix, and uterus [9] . Together, the above-mentioned studies indicate that Wnt4 is required for several aspects of the development of the female reproductive tract, as well for its normal functioning during adulthood. In addition to Wnt4, Wnt5a has also been implicated in the development and function of the female reproductive tract. Wnt5a-null mice are characterized by short, coiled uterine horns, and lack both the cervix and vagina [10] . As Wnt5a-null mice die perinatally, Mericskay et al. used grafting techniques to show that Wnt5a expression in the uterine stroma is required for endometrial gland formation [10] . More recently, a Wnt5a conditional knockout model using the Pgr tm2(cre)Lyd strain was used to show that Wnt5a is required for normal implantation, decidualization, and female fertility [11] . Furthermore, recombinant WNT5a was shown to be able to rescue a uterine stromal cell proliferation defect in mice with a conditional deletion of porcupine (Porcn), a gene involved in WNT secretion [12] . Interestingly, the physiological roles of Wnt4 and Wnt5a also appear to overlap in the ovary. Vainio et al. initially showed that oocytes become depleted in the ovaries of Wnt4-null in the days prior to birth [2] . In a follow-up study, it was shown that Wnt4 expression in ovarian somatic cells is required for the maintenance of germ cell cysts and normal patterns of gene expression in oocytes [13] . The same study showed that, whereas 20% of oocytes in Wnt4-null mice were able to initiate meiosis, entry into meiosis was completely inhibited in Wnt4/Wnt5a double knockouts, suggesting some level of functional redundancy between the two genes [13] . In the postnatal ovary, the conditional inactivation of Wnt4 in follicular granulosa cells was shown to compromise antral follicle development, cell polarity, and female fertility [14, 15] . Similarly, conditional inactivation of Wnt5a in granulosa cells resulted in female subfertility caused by increased antral follicle atresia and decreased rates of ovulation [16] .
Wnt4 and Wnt5a therefore play critical roles in the development and function of the ovaries and uterus. The degree of overlap between these roles led us to hypothesize that Wnt4 and Wnt5a function in a redundant manner, at least in some contexts. To test this hypothesis, we generated Wnt4 flox/flox ; Wnt5a flox/flox ; Amhr2 cre/+ mice to inactivate both genes concomitantly in the Müllerian mesenchyme and in ovarian granulosa cells, and assessed their fertility, follicular development, and uterine development and function. Although ovarian function was not compromised in the double conditional knockout model, endometrial gland development, decidualization, and implantation were much more severely affected than when 
Materials and methods
Animal models and fertility trials were housed with 8-week-old wild-type males and monitored daily for litters. Litter sizes were recorded at birth. The males were removed after 6 months, and the experiment was terminated 22 days later to allow for the birth of a final litter.
Evaluation of the ovaries
To evaluate follicular development, ovaries from 6-week-old and 8-month-old Wnt4 flox/flox ; Wnt5a flox/flox ; Amhr2 cre/+ (experimental),
and Wnt4 flox/flox ; Wnt5a flox/flox (control) mice were collected and fixed in formalin. The left ovary from each animal was paraffinembedded, and serial sections were prepared at a thickness of 5 μm. Every fifth section was stained with hematoxylin-eosin-phloxinesaffron (HEPS). For each slide, follicles in which the oocyte nucleus was visible were counted, classified according to Pedersen's system, and scored as atretic or healthy as we have described previously [18] [19] [20] [21] . To determine ovulation efficiency, eight 10-week-old female mice of the experimental and control genotypes were housed with wild-type males and monitored daily for the presence of a vaginal plug. Females were euthanized the morning on which a plug was observed, and the ovaries were carefully dissected along with the oviducts and placed in sterile saline solution. Cumulus-oocyte complexes were released by tearing open the ampullae with forceps and were counted under a dissection microscope.
Evaluation of the uterus
Uteri from mice of different ages were collected, fixed in formalin, and paraffin-embedded. Sections were prepared at a thickness of 3 μm and stained either with hematoxylin and eosin (H&E), HEPS, or Picrosirius red. To quantify endometrial glands, glands were counted in transverse sections of uteri from 8-week-old mice (6 animals per genotype, 3-5 transverse sections per animal). To assess the thickness of the myometrial layers, the same sections used for the gland counts were photographed, and measurements taken using ZEN lite 2012 software (Carl Zeiss microscopy GmbH, Toronto, ON, Canada). For each section, the thickness of the longitudinal and circular layers was measured at four randomly selected points.
To evaluate decidualization, implantation, and fetal development, 8-10 weeks-old females were housed with age-matched, wild-type males of similar ages. Females were observed every morning for the presence of a vaginal plug, and uteri were collected on different days post-coitum, formalin-fixed, paraffin-embedded, and sectioned. Uterine morphology, number of concepti, and embryo viability were Amhr2 cre/+ and control mice were mated with vasectomized WT males. Three days following the detection of a copulatory plug, the left uterine horn was externalized through an abdominal surgical incision, and 20 μl of sesame oil was injected in the lumen. Decidualization was assessed 2-4 days following the injections.
RT-qPCR analyses
Immature mice (23-26 days old) were treated with eCG (5 IU, IP) 48 h prior to isolation of granulosa cells by needle puncture. Cells were flash frozen in liquid nitrogen and stored at -70
• C prior to RNA extraction using the QIAGEN RNeasy mini kit (Qiagen, Montreal, QC, Canada). RNA quantity and quality was assessed using a NanoDrop-1000 spectrophotometer (Thermo-Fisher Scientific, Burlington, ON, Canada). RNA was reverse-transcribed using the SuperScript Vilo cDNA Synthesis Kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. Real-time PCR reactions were run using a C1000 Touch thermal cycler (BioRad, Mississauga, ON, Canada) and Universal SsoAdvanced SYBR Green Supermix (Bio-Rad). Primer efficiency curves were generated using serial dilutions of cDNA, and amplification efficiency (E) values were obtained using the slope of the log-linear phase derived from the formula E = e To quantify relative gene expression, the cycle threshold (Ct) values for each transcript were compared with that of Rpl19, according to the ratio [R = (E Ct Rpl19 /E Ct target )]. MIQE guidelines were followed throughout. Primer sequences are listed in Supplemental Table 1 .
In vitro stromal cell decidualization
Wnt4 flox/flox ; Wnt5a flox/flox female mice ranging from 8 to 12 weeks of age were injected daily with estradiol (Sigma Aldrich, Oakville, ON, Canada) (100 ng, SC) for 3 days prior to endometrial stromal and epithelial cell isolation and culture. All steps of cell purification, culture and in vitro decidualization were done essentially as described by De Clercq et al. [23] . Freshly isolated stromal cells were incubated overnight to permit attachment to the cell culture plates, and subsequently infected with Ad-Cre or Ad-eGFP (Vector development laboratory, Baylor College of Medicine, Houston, TX) at an MOI of approximately 50 for 24 h. Following washes, stromal cells were cocultured with epithelial cells grown in ThinCert cell culture inserts (Greiner Bio-One International, Kremsmünster, Austria), so as to maintain the stromal and epithelial cells separate but able to communicate via a semi-permeable membrane. Following medroxyprogesterone/cAMP (Sigma Aldrich) treatment for 48-72 h, Wnt4, Wnt5a and Prl8a2 mRNA levels were assessed by RT-qPCR as described above.
Steroid hormone measurement
Blood samples were collected by cardiac puncture before euthanasia. Estradiol and progesterone concentrations in serum were measured by ELISA assays by the Ligand Assay and Analysis Core Laboratory of the University of Virginia (Charlottesville, VA).
Immunohistochemistry
Formalin fixed, paraffin-embedded uteri were sectioned at a thickness of 3 μm. Following deparaffinization, rehydration, and heatmediated antigen retrieval, WNT4 (ab91226; Abcam, Cambridge, UK) and WNT5a (ab72583; Abcam, Cambridge, UK) antibodies were incubated at 1:1200 and 1:100 dilutions, respectively, overnight at 4
• C. Smooth muscle actin (MU128-UC; Biogenex, Fremont, CA, USA) was incubated at 1:100 for 1 h at room temperature using the M.O.M. Kit (PK-2200; Vector Laboratories, Burlingame, CA, USA). Detection was performed with the Vectastain Elite ABC kit and the 3,3' diaminobenzidine peroxidase substrate kit (Vector Laboratories, Burlingame, CA, USA). Slides were counterstained with hematoxylin prior to mounting. Antibodies are listed in Supplemental Table 2 .
Statistical analysis
Analyses were performed using Graph Pad Prism 6 software (GraphPad Software, Inc.). All data were subjected to the F test to determine the equality of variances. Data were transformed to logarithms if they were not normally distributed. Statistical significance was determined using unpaired Student t-test or ANOVA, with P ≤ 0.05 considered significant. Data are presented as means ± SEM. were individually housed with wild-type males for a period of 6 months, during which litter frequency and size were recorded. Of the six experimental pairs, two were sterile due to reproductive tract malformations (described below). The remaining females gave few and small litters, with a ∼96% decrease in the total number of pups produced (P ≤ 0.0001) and a ∼75% decrease in average litter size (P ≤ 0.0001) compared to controls (Table 1) . By comparison, pup production and average litter sizes were both decreased by ∼50% RT-qPCR analyses of Wnt4 and Wnt5a mRNA levels in granulosa cells isolated from immature, eCG-treated mice showed a significant, ∼4 fold reduction in Wnt4 mRNA levels (P ≤ 0.01) (Supplemental Figure S1 ). A ∼2 fold decrease was observed for Wnt5a mRNA levels (Supplemental Figure S1 ), but this was not statistically significant due to high variability between individual mice. Histopathologic examination of the ovaries of juvenile (42-day-old) and adult (56-day-old and 8-month-old) mice showed the presence of ectopic granulosa cells trapped between the oocyte plasma membrane and the zona pellucida in ∼5% of ovarian follicles, mostly at the primary and secondary stage of development ( Figure 1 ). Figure S2A ) and 8 months (Supplemental Figure S2B) (Table 2) . Finally, progesterone and estradiol were measured in serum in adult mice, and also showed no Figure 3A ). This result was expected, as the Amhr2 cre strain drives Cre expression in the Müllerian mesenchyme, which gives rise to the uterine myometrium and stroma [26, 27] . Figure 3C) . Furthermore, the thickness of the myometrium appeared reduced in Wnt4 flox/flox ; Wnt5a flox/flox ; Amhr2 cre/+ mice. This was confirmed by morphometric analyses, which showed statistically significant decreases in the thickness of both the longitudinal and circular myometrial layers ( Figure 4C ). vs 7.40 ± 0.510 (n = 5)], and reduced further to 3.13 ± 0.875 (n = 8) and 2.20 ± 1.43 (n = 5) by e12.5 and e16.5, respectively. Embryonic mortality was associated in most cases with abnormal development of the labyrinth layer of the placenta ( Figure 5B ). Together, these results suggest that the loss of fertility in the Wnt4 flox/flox ; Wnt5a flox/flox ; Amhr2 cre/+ model was due to the loss of the endometrial glands, with consequent defects in decidualization, implantation, and placental development.
Results

Wnt4
Wnt4 and Wnt5a expression in endometrial stromal cells is not acutely required for decidualization
We next sought to determine if Wnt4 and Wnt5a expression in stromal cells is directly required for the decidual response (i.e., in addition to acting indirectly through stimulation of adenogenesis). To this end, endometrial stromal cells from Wnt4 flox/flox ; Wnt5a flox/flox mice were placed in culture and infected with an adenovirus to drive Cre expression (Ad-Cre, to inactivate the floxed alleles) or an adenovirus that drives expression of eGFP (Ad-eGFP, control) for 24 h. Ad-cre treatment resulted in ≈96% and ≈95% knockdown of Wnt4 and Wnt5a mRNA levels, respectively (Figure 6A) . Following removal of the adenovirus, stromal cells were co-cultured with endometrial epithelial cells (separated via a semipermeable membrane) and treated or not with medroxyprogesterone and cAMP to induce decidualization over a period of 48-72 h. Both the Ad-Cre and Ad-eGFP-treated stromal cells responded to medroxyprogesterone + cAMP with a dramatic increase in decidual prolactin (Prl8a2) mRNA levels, indicating that decidualization occurred in both groups ( Figure 6B ). This result suggests that Wnt4 and Wnt5a expression in stromal cells is not directly required for the decidual response, and therefore that the decidualization defect dilated by an abundant quantity of mucous material (mucometra) ( Figure 7B ). The uterus in these mice was mostly well-developed, except for the presence of a dead-end at the caudal extremity that was connected to the external genitalia by a thin membrane ( Figure 7C ). Histologically, this membrane was mostly composed of fibrous and adipose tissue, and was accompanied by the urethra extending from the urinary bladder to the urethral process ( Figure 7D ). Ovaries and oviducts were normal in these mice.
Partial or complete agenesis of a uterine horn was also observed in several (∼10%) Wnt4 flox/flox ; Wnt5a flox/flox ; Amhr2 cre/+ mice. The absent uterine horn was usually replaced by a long, thin fibrous membrane to which a morphologically normal oviduct and ovary were attached ( Figure 7E ). Histologically, this membrane was composed of adipose tissue and smooth muscle reminiscent of the myometrium, but without endometrial stroma or a lumen ( Figure 7F ). The identity of the smooth muscle was confirmed by immunohistochemistry using smooth muscle actin as a marker ( Figure 7G and H). In these mice, the contralateral uterine horn, cervix, and vagina were usually normal, and several were able to conceive and bring gestations to term.
Discussion
Genetically modified mouse models have been instrumental in elucidating the biological roles of Wnt4 and Wnt5a. These have notably shown their essential roles in the development of the female reproductive tract, in processes such as decidualization, implantation, and gland development in the endometrium, as well as in ovarian follicle development [4, 10-12, 14, 16] . Similarities in the phenotypes obtained through inactivation of Wnt4 or Wnt5a suggest that they are functionally redundant and/or complementary, at least in certain contexts.
In this study, we tested this idea by conditionally inactivating Wnt4 and Wnt5a concomitantly in the Müllerian mesenchyme using the Amhr2 cre strain. The resulting Wnt4 flox/flox ; Wnt5a flox/flox ; Amhr2 cre/+ mice had a much more severe reduction in endometrial gland development than when either gene was inactivated individually. Likewise, a Müllerian agenesis phenotype was frequently observed in the Wnt4 flox/flox ; Wnt5a flox/flox ; Amhr2 cre/+ model, but did not occur in the single conditional knockouts. We interpret these findings as the first direct evidence that WNT4 and WNT5a act in a redundant manner in the Müllerian mesenchyme to ensure reproductive tract development, and in a partially redundant or additive manner in the uterine stroma to regulate endometrial adenogenesis. Some insight into the uterine cell type-specific roles of Wnt4 can be gained by comparing of the phenotypes of mice in which it was conditionally inactivated using either the Amhr2 cre or Pgr cre strain.
Although both strains drive Cre expression in the myometrium and uterine stroma, the Pgr cre model also drives Cre expression in the luminal and glandular epithelium [4] , in which Wnt4 (and Wnt5a These results indicate that Wnt4 expression specifically in the uterine luminal epithelium is required to prevent stratification. Endometrial glands have been reported to play a major role in implantation and decidualization in mice [28] . These glands notably produce LIF in response to the nidatory surge of estrogen from the ovary [29] . Implantation and decidualization does not occur in absence of LIF, as shown in LIF knockout mice, as well as in various knockout and conditional knockout mouse models which lack uterine glands (e.g., Lef1, Foxa2, Wnt7a) [30] [31] [32] [33] . Indeed, these processes were never observed in the subset of Wnt4 flox/flox ; Wnt5a flox/flox ; Amhr2 cre/+ mice that completely lacked uterine glands, supporting the notion that gland loss was the primary cause of the implantation defect. Interestingly, the latter mice also had varying degrees of uterine fibrosis. Lack of endometrial glands and uterine fibrosis had previously been observed in mice lacking the WNT receptor Frizzled 1 (Fzd1), suggesting that it may serve as a physiological receptor for WNT4 and WNT5a. However, only a small proportion of Fzd1-null animals exhibited the abnormal uterine phenotype, suggesting that FZD1 is unlikely to be the sole WNT4/5a receptor [34] . Other than driving the development of endometrial glands, Franco et al. have shown that Wnt4 expression in decidual cells is also required for proper progesterone signaling [4] . Whether progesterone signaling is altered during decidualization in Wnt4 flox/flox ; Wnt5a flox/flox ; Amhr2 cre/+ mice, and whether this contributed to the decidualization/implantation/placental development defects will be grounds for further study. However, our in vitro data shows that medroxyprogesterone-induced stromal cell decidualization occurs in absence of Wnt4/Wnt5a, suggesting that loss of these genes does not inhibit progesterone signaling to the point that the decidual response is significantly impeded. Given the established roles of Wnt4 and Wnt5a in ovarian follicle development [14] [15] [16] , ovarian defects were expected in Wnt4 flox/flox ; Wnt5a flox/flox ; Amhr2 cre/+ mice. We observed granulosa cells trapped under the zona pellucida in a small subset of follicles, which also occurred in Wnt4 flox/flox ; Amhr2 cre/+ mice, indicating that it was a consequence of loss WNT4 specifically. This is a novel observation that had not been reported by either group that had previously described the Wnt4 flox/flox ; Amhr2 cre/+ model [14, 15] . Although the cause of this was not determined in our study, it could conceivably be related to the granulosa cell polarity defects that occur in Wnt4 flox/flox ; Amhr2 cre/+ mice [15] . As the ectopic granulosa cells were never observed in large follicles, we hypothesize that they provoke atresia at some point during follicle development. Other than [14, 16] , the lack of ovarian anomalies was ultimately attributed to poor efficiency of Cre-mediated recombination of the floxed alleles in the double conditional knockout model. Müllerian abnormalities are common, affecting up to 7% of women [35] . These range from minor anatomical anomalies to complete aplasia. At the most severe end of the spectrum is MayerRokitansky-Küster-Hauser (MRKH) syndrome, which is characterized by a congenital absence of the uterus, cervix, and upper part of the vagina [36] . In type I MRKH, fallopian tubes are normal. Type II MRKH often features hypoplasia or aplasia of the fallopian tubes, and can be accompanied by additional development defects of the kidney, skeleton, middle ear, and heart [36] . Hypoplasia/aplasia of the uterine horns can be asymmetric in type II MRKH, leading to the development of a unicornuate uterus [36] . The genetics of MRKH syndrome is complex and incompletely understood [9] . Several cases of MRKH have been associated with loss-of-function mutations in the WNT4 gene [7, 9, 37] , although abnormal ovarian development and hyperandrogenism also occurs in these patients, leading many authors to consider these cases to be a syndrome distinct from MRKH [5, 6, 8, 38] 
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Supplementary data are available at BIOLRE online.
Supplemental Figure 1 . RT-qPCR analysis of Wnt4 and Wnt5a mRNA levels in granulosa cells obtained from immature, eCGtreated mice. n = 9 mice/genotype, data are expressed as means (columns) ± SEM (error bars). Asterisks ( * * ) indicate a significant difference from control (P < 0.01). Supplemental Figure 2 . Quantitative analysis of ovarian follicles in 42-day-old (A) and 8-month-old (B) mice. Data are raw follicle count numbers, n = 6 ovaries per group. All data are expressed as means (columns) ± SEM (error bars). Supplemental Table 1 . RT-qPCR primer sequences. Supplemental Table 2 . Antibodies table 
